Mobility of singly-charged lanthanide cations in rare gases: Theoretical assessment of the state specificity J. Chem. Phys. 140, 114309 (2014) A comprehensive study is presented of many aspects of the depolarized anisotropic collision induced (CI) component of light scattered by weakly bound compounds composed of a dihydrogen molecule and a rare gas (Rg) atom, H 2 -Rg. The work continues a series of earlier projects marking the revival of interest in linear light scattering following the development of new highly advanced tools of quantum chemistry and other theoretical, computational, and experimental means of spectral analyses. Sophisticated ab initio computing procedures are applied in order to obtain the anisotropic polarizability component's dependence on the H 2 -Rg geometry. These data are then used to evaluate the CI spectral lines for all types of Rg atoms ranging from He to Xe (Rn excluded). Evolution of the properties of CI spectra with growing polarizability/masses of the complexes studied is observed. Special attention is given to the heaviest, Kr and Xe based, scatterers. The influence of specific factors shaping the spectral lines (e.g., bound and metastable contribution, potential anisotropy) is discussed. Also the share of pressure broadened allowed rotational transitions in the overall spectral profile is taken into account and the extent to which it is separable from the pure CI contribution is discussed. We finish with a brief comparison between the obtained results and available experimental data. Published by AIP Publishing.
I. INTRODUCTION
The phenomena that occur as a result of different forms of interactions of electromagnetic radiation with matter have been for a long time one of the most abundant sources of information on physical properties of a wide spectrum of macroscopic and microscopic objects, such as chemical composition, inner structure, intrinsic, or large scale interactions and dynamics. Typical processes of light-matter interaction: light absorption and scattering, in the atomic and molecular microscopic systems, planetary atmospheres, as well as those observed in cosmic realms of distant extraterrestrial objects, have been investigated. The link between these fields of exploration has been realized since the moment the atomic/molecular nature of such radiative processes was discovered. [1] [2] [3] [4] [5] On the one hand, laboratory based experiments revealed properties of individual molecules or molecular moieties, suitable for interpreting astrophysical observations of light interacting with the visible matter of the Universe, on the other, radiation generated in the extreme physical conditions of cosmic formations provided opportunities for investigation occurrences that could have never been accessible in any a) Author to whom correspondence should be addressed. Electronic mail:
glaz@kielich.amu.edu.pl laboratory environment. In particular, the so-called collisioninduced (CI) processes in which inter-atomic/molecular forces are responsible for modifying collective properties of the light scattering/absorbing species can supply the data to be used in creating and testing of models describing CI electrical quantities of molecular complexes (e.g., dipole moments, polarizabilities) or supermolecular potential energy surfaces (PES). It is not surprising, then, that weakly bound (van der Waals) compounds built of dihydrogen molecules and helium (neon to a lesser extent) were among the first investigated compounds analyzed in the earliest works on collision induced light absorption (CIA) and scattering (CILS) effects. These complexes still attract pre-eminent attention, being the most abundant raw material of the Universe and relatively simple systems to deal with theoretically and numerically. Other noble gas elements, even though rather scarcely represented in comparison with those mentioned above, also have found their way to laboratories and theoretical endeavors, often as components of prototypical systems used in modeling and benchmarking intermolecular properties. [6] [7] [8] [9] The study reported in this article is a contribution to the theoretical and numerical efforts in this category of research. The main objective of the work is the analysis of spectral features of anisotropic collisional component of light scattered by molecular media composed of H 2 molecules perturbed by noble gas atoms, Rg, from the lightest helium element to the heaviest krypton and xenon entities (Rg = He, Ne, Ar, Kr, and Xe, whereas Rn, the most massive of all noble gas atoms, is not considered because of its radioactivity). Not only is the phenomenon itself worth devoting some special attention to, but it also appears to be interesting to deepen an insight into the whole set of H 2 -Rg pairs in order to gain better knowledge of the evolution of the spectral properties with growing masses and increasing electronic structure complexity of scattering compounds. Additional motivation to undertake the issue is also the opportunity to apply new, state-of-the-art methods of quantum chemistry that have appeared throughout recent decades, which make it possible to obtain more sophisticated and reliable values of supermolecular polarizabilities. This allows one to evaluate spectral theoretical high quality CI profiles useful in more precise interpretation of experimental results.
All the above mentioned circumstances offer a challenge to explore the effects and features of molecular systems not investigated previously, but also motivation to undertake new or extend research into issues that were examined in the past, but only to a limited extent. The former category of phenomena is represented, for instance, by investigations into nonlinear CI scattering processes on the complete (except Rn) collection of H 2 -Rg compounds undertaken in a series of works by the authors of this paper. [10] [11] [12] [13] The isotropic CI Raman light scattering, which, after a rather lengthy silence has received fresh attention only recently, [14] [15] [16] [17] [18] [19] is a typical example of latter works. The current work may be treated as a continuation and development of some of the earlier projects presented in Refs. 10-13 and 16 , and yet another step towards comprehensive description of radiative processes in the kind of media considered.
The choice of scattering moieties for this study is far from accidental. The series of noble gas atoms happens to be a family of individuals of diverse, sometimes quite intriguing, features, 17, [20] [21] [22] which seems to offer an avenue to comparative spectral analyses. In the field of CIA studies, the radiative processes on H 2 -H 2 and H 2 -He systems have always attracted substantial attention resulting in a considerable number of reports (see Refs. 23-25 and references therein). Heavier inert gas atoms have also contributed to these works, yet to a lower degree, being however a significant source of data for creating PES modelling procedures (see, e.g., Refs. 6-9, 26, and 27).
As for the Raman light scattering effects, a similar set of Rg atoms is studied, especially since the rebirth of interest in the CILS investigation of both pure and mixed noble gases in the late 1990s. Interesting and ample experimental and theoretical discussion of such phenomena runs through works reporting both isotropic 17, 21, 22, 28 and anisotropic 14, 15, 29, 30 spectral considerations. A number of theoretical works on nonlinear CI scattering on the collection of Rg α -Rg β compounds have been published as well. [31] [32] [33] Raman scattering research into more complex dihydrogen based supermolecules has also benefited from the progress in quantum chemistry and spectral analysis methodology, but also in this case the effects observed in pure hydrogen species are quite obviously privileged (see Ref. 34 and references therein). In comparison, Raman rototranslational spectra generated in dihydrogen-Rg mixtures seemed to be rather under-rated, finding relatively modest representation in the literature. [35] [36] [37] All the more, the choice of the subject of the study presented is justified as an inquiry intended to fill that less exploited gap in the spectroscopic theory.
II. OUTLINE
The aim of this project is achieved in the following steps. The quantum chemistry ab initio methods are applied in order to obtain the polarizability anisotropy of the compounds considered. The values of the Cartesian polarizabilities together with their spherical counterparts for H 2 -Ar have been already published 38 and properties of those for H 2 -He have been partly discussed in Ref. 39 . The data for the remaining pairs are presented here for the first time. The spectral profiles of interest are obtained by means of three independent computing methods, of different merits and scopes of applicability. Special attention is paid to the heaviest, Kr and Xe, perturbers, that to the best of our knowledge, have not been considered previously in this context.
Basically, this scenario follows the steps applied in the earlier work 16 on the collisional isotropic light scattering, although adequately adapted and upgraded according to the specific physical nature of the present research (order of the tensorial properties) and taking into account the updated state of knowledge. Therefore, only the most essential or newly introduced details are announced below.
The structure of the article reflects the blueprint above. Sec. III gives an outline of the state of the art quantum chemistry ab initio routines used to obtain necessary molecular properties in terms of the Cartesian tensors. The formulas to be used to express these quantities in terms of the spherical tensor algebra 40 via the so-called symmetry adapted (SA) components of the CI polarizabilities are given. The angular dependent potential energy surfaces (PES) applied are specified in the following chapter of the article (Sec. IV). The methodology of the spectral calculations performed is described in Sec. V. Section VI is devoted to discussion of the results obtained and final remarks.
III. COLLISION-INDUCED ANISOTROPIC POLARIZABILITY; QUANTUM CHEMISTRY COMPUTING

A. Ab initio Cartesian components
Early experimental work 41, 42 stimulated theoretical investigation of the interaction-induced electric properties in small systems such as He-Ne, He-Ar, and Ne-Ar. 43 In the first stage, theoretical studies relied on an extremely limited arsenal of computational quantum chemical methods. Recent efforts employ sophisticated methods of very high predictive capability. 44 Thus, theory contributes significantly to the treatment of complex problems from fundamental spectroscopy 45 to molecular astrophysics. 46 Our approach to the computational determination of interaction-induced electric properties is solidly based on the finite field philosophy. 47 Details and basic aspects of our computational approach are easily accessible in a previous work on a number of Rg α -Rg β pairs (Rg α, β = He, Ne, Ar, Kr, and Xe), H 2 -H 2 , H 2 -He, and HF-Ne, 48 -54 CO 2 -Rg. 55 Consequently only some first principles are given here.
Following Buckingham 56 and McLean and Yoshimine, 57 the energy of a molecule in weak static homogeneous electric field is expanded as
where F i is the field at the origin of the molecule. The terms in bold characters are the permanent properties of the molecule: energy (E 0 ), dipole moments (µ i ), dipole polarizability (α i j ), first hyperpolarizability (β i j k ), and second hyperpolarizability (γ i j k l ). The subscripts denote Cartesian components. A repeated subscript implies summation over x, y, and z.
Once the electric properties of the supersystem A-B are computed, the interaction-induced electric contributions are directly obtained via
where P(A) and P(B) are the values for the moieties A and B. In practice we take into account the incompleteness of the basis by using the widely applied counterpoise-correction (CP) method
where P(A − X) is the property for subsystem A in the presence of the ghost orbitals of subsystem B, etc. 58 It is easy to show that as the basis set approaches saturation a nearly ideal limit is reached, P(A − X) ≈ P(A) and P(X − B) ≈ P(B).
The selection of basis sets suitable for electric polarizability calculations has been examined in comprehensive reviews 59 and specialized papers. 60 Our computational strategy emphasizes the use of prepared, purpose-oriented, atom-or molecule-specific basis sets. This can be gleaned from the previous work on atoms, 61, 62 
B. Symmetry adapted components
The collisional properties of the H 2 -Rg pairs are dependent on the relative configuration of r and R representing the bond axis vector of the linear hydrogen molecule and the vector of the intermolecular distance spanned from its center of mass to the Rg atom, respectively. Hence, the components of the spherical tensor CI polarizability can be expressed in a convenient way in terms of the series expansion given by
The symmetry adapted components of the polarizability spherical tensor, which are simply the R-dependent coefficients of the above series expansion, ∆α
, can be next obtained by using the Cartesian components of the polarizability anisotropy, ∆α i j (r, R), evaluated by means of the ab initio methods discussed in the previous chapter.
To achieve this aim, a conversion formula has to be used transforming the Cartesian tensors to their spherical irreducible counterparts
where i, j = x, y, z stand for the whole set of Cartesian indices and τ denotes the so-called seniority index, which is irrelevant for K ≤ 2, therefore it is just left as a dummy parameter here. For the complexes composed of a linear centrosymmetric molecule and an atomic perturber, the transformation rules reduce to
where both the Cartesian as well as spherical components depend on the orientational degrees of freedom relative to the laboratory reference system: ∆α(r, R). Further simplification is achieved by assuming that ∆α
is determined in the specific reference frame, in which the z axis is parallel to the intermolecular vector R. In such a case, Y Lm (R) = 
where P λ µ (cos(θ)) denotes the associate Legendre polynomial with the argument θ that marks the angle between r and R ( r ·  R = cos(θ)); C K µ λ µ L 0 is the Clebsch-Gordan coefficient. 40 Combining Eqs. (4), (5), and (7), one can obtain a set of equations with the symmetry adapted components as unknowns. The number of equations depends on the symmetry of the complex considered as well as on the number of orientations determined by θ for which the Cartesian values are evaluated. In the case considered, for three relative configurations taken into account:
• , and 90
• , there are six independent equations including six independent symmetry adapted components of the polarizability anisotropy:
38 ∆α 
IV. POTENTIALS
The dynamics of the colliding scatterers and perturbers is to a great extent dominated by the characteristics of intermolecular potential of their interaction. Two spatial aspects of the forces acting between H 2 and Rg entities are of special importance: their dependence on the separation of the particles and the angular dependence on the linear molecule orientation. As for the latter property, the dihydrogen based compounds are usually regarded as highly isotropic in the most typical, realistic circumstances. Nevertheless, when theoretical and numerical predictions are confronted with experimental results, the precision of the potential modes used is of essence, so even seemingly negligible factors can matter and should be taken into account, or at least their influence might be worth testing.
Development of the theoretical and numerical methods molecular physics has been marked by constant progress in creating more advanced and reliable two-dimensional potential surfaces for the supermolecules considered. Several of them have been chosen here to meet the specific goals of the study. They have proved their usefulness in the earlier spectral calculations of the isotropic Rayleigh spectra on H 2 -Rg pairs. 16 It must be stressed, however, that whenever necessary, the spectral routines employed in the presented research are no doubt capable of incorporating the available state of the art potential energy surfaces if only they are expressed analytically in the well known form of the Legendre expansion
where r is the bond axis vector of H 2 . 
V. SPECTRAL PROPERTIES OF LIGHT SCATTERED BY H 2 -RG COMPOUNDS; THEORETICAL BACKGROUND AND CALCULATIONS
In this work, three independent methods for evaluation of the spectral profiles of interest are used. Each of the schemes is characterized by a specific scope of applicability and technical advantages, while all of them together provide an effective tool for mutual benchmarking of their computational quality. A detailed description of their properties and basic steps has been presented in a number of earlier reports (most recently in Ref. 16 ). For this reason, only the most crucial outline of their workings is presented hereafter, unless more elaborate specification of newly introduced elements seems to be necessary.
A. Isotropic potential approximation (IPA)
Two of the procedures used are designed assuming that the interaction potential can be treated as spherically symmetricthe so-called isotropic potential approximation (IPA). The first of these routines (denoted henceforth as QI) is based on the quantum perturbative approach, in which spectral density functions needed are evaluated according to a formula akin to the golden rule expression. 76, 77 In the second IPA treatment, the spectral computing is performed semi-classically 78, 79 (SC) according to the earlier presented algorithms, 10 yet extended in its present version by including the bound and metastable colliding ensembles. This method is a suitable, time saving tool, when extensive calculations are indispensable including a vast number of partial wave functions in quantum mechanical treatment, e.g., for the most massive H 2 -Rg pairs. A discussion of traits and applicability scope of QI and SC in the collision indicted absorption theory has been recently published in Ref. 80 .
In the IPA approximation, the time correlation function of collisional polarizability can be factorized into a product of the rotational, R rot (t), and translational, S tr (t), components. 77 As a consequence, the spectral profiles of the scattered light intensity are expressed via a series of convolutions of the Fourier transforms of R rot (t) and S tr (t) functions 78, 81 for each SA polarizability component ∆α
In the equations above, the frequency scale is shifted with respect to a laser line of wavelength λ 0 (in the present calculations, the green line of wavelength λ 0 = 514.5 nm is used). The conventions and notation used are identical to those explained in Ref. 16 . The rotational contribution to the spectrum is derived in a standard way on the grounds of a well-known quantum mechanics procedure 10,81 yielding a spectral stick distribution of a discrete set of intensities that are next "enveloped" with the translational profiles,
λ L (ω), rendering the overall rototranslational line shape (for details see Ref. 16) . The main task of the further IPA analysis rests on a proper and efficient method for determination of the translational contribution to the spectral function: g (2) λ L (ω).
Quantum mechanical IPA computing
In this approach the core element of the calculations is the matrix element of relevant collisional SA components depending on the intermolecular separation vector R. It defines the translational spectral function developed with only the free-free molecular transitions involved via
where K = 2 (in Eq. (4)) is specified for the case of the anisotropic scattering, b(L)
denotes the Placzek-Teller factor for initial and final values of l. 33 Apart from this modification, the notation used in the formula is identical to that used in Ref. 16 . The numerical algorithm employed to calculate the wave functions in Eq. (10) by solving the Schrödinger radial equation in order to obtain the matrix elements required is based on the method described and successfully applied in a series of previous works (e.g., Refs. 31, 82, and 83). Having been constantly upgraded, this procedure is a computing time effective tool even for the most massive supermolecular systems considered, for which it additionally permits reduction of the error propagation effects, especially pronounced there. Nonetheless, its main advantage is the possibility of treatment of light H 2 -Rg compounds in terms of purely quantum approach. For them, a more classical treatment, although faster, may not reveal spectral properties with satisfying accuracy within mid-frequency range. It will be shown that these spectral regions can be of non-negligible importance.
Semi-classical approach
One of the first approximate methods of semi-classical calculations of the translational spectral functions was proposed on the grounds of the Birnbaum-Cohen (BC), rough but computationally simple, model. 84 For this approach, semi-classical spectral moments can be calculated for each SA component of the collisional polarizability. To this end, their classical counterparts are obtained and then modified by means of quantum mechanical corrections stemming from the Wigner-Kirkwood expansion 77 of the classical pair correlation function, exp(−V (R)/k B T). Eventually, after having inserted the resultant values into appropriate BC expressions, translational spectral functions are evaluated.
In the present study, however, a more complex semiclassical procedure is used, based on solving classical equations of motion in order to evaluate molecular collisional trajectories 78, 79 used afterward to specify the desired spectral lines. This scheme is more precise than the BC model and more flexible with regard to its possible applications. For instance, it can be extended in a convenient way to provide a handy tool to analyze bound state contributions to the scattering intensities. Last but not least, the SC routines can complete their calculations within a reasonable computing time regime. This advantage is especially important when heavier (more classical) supermolecules are to be treated, for which other computing tools, in certain circumstances, may turn out to be awkwardly time consuming.
The method was developed and refined in a number of earlier works, quite latterly in Ref. 80 , to evaluate collision induced absorption spectra, although it has also proven its feasibility in the Rayleigh and hyper-Rayleigh analyses in Refs. 10 and 85. An outline of the previous versions of the method employed by our group was presented in Ref. 16 , where the terms specific of isotropic light scattering theory were exclusively discussed. Therefore, here, some indispensable elementary details are summarized, yet accompanied by a broader, more general description of newly introduced elements of the algorithm, suitable when dealing with higher order polarizability components.
Depending on the intermolecular distance R, two typical situations must be usually distinguished: bound and metastable pairs (BM), trapped in the well of the effective potential, and free pairs (FR) interacting at distances varying from infinity to the effective potential wall. The BM contributions are determined according to the classical procedure described by Meinander. 79, 86 This procedure involves preliminary calculation of the librations of the orbiting trapped dimers. As these librations are periodic, the polarizabilities can be developed in Fourier series. Their Fourier transform leads to Dirac delta distributions but the integration over the possible energies and angular momenta removes these δ-functions and provides directly the BM dimer spectral contributions, although the process requires some carefulness.
At room temperature, the influence of those spectral components is limited merely to low frequency shifts of the translational spectra. They are also negligible for the less massive, H 2 -He and H 2 -Ne, systems and account only for few percent of the integrated intensities of every SA(λL) polarizability contribution for H 2 -Ar, H 2 -Kr, and H 2 -Xe supermolecules. The relatively low rates of BM share in the spectra found in this study correspond to those deduced by other authors, e.g., they agree with the results of the statistical method proposed by Levine. 87 Nevertheless, in precise analyses of low temperature systems, BM mechanisms must not be neglected, or at least their contribution to intensities has to be estimated.
If the procedure is designed for free pairs, the functions R(t, s, b) and θ(t, s, b) are defined to determine the dependence of the intermolecular R vector (i.e., its magnitude and orientation, respectively) on time and collisional parameters. 78, 79 The arguments b and s denote the impact parameter and relative velocity of the colliding entities; they are taken for times t associated with the positions of the encounter between a turning point (where the potential matches the energy of the collision) and a final R value chosen so that it secures the convergence of the procedure.
The
where
with the coefficients χ m L given in Table III . The translational spectral lines,
λ L (ν), evaluated according to the scheme specified are classical, and therefore symmetric with regard to the central frequency shift. Hence, they should be modified appropriately to reflect, as far as possible, the quantum nature of the scattering processes, so as to be in agreement with the detailed balance principle. 77 In an earlier work, 10 a procedure pertinent to achieve this goal has been proposed, based on desymmetrization of the classical profiles with a multiplier derived as a linear combination, Λ(ν) = Σ i a i Λ i (ν), of three functions: Λ 0 (ν) = exp(ωτ 0 )/ cosh(ωτ 0 ), Λ 1 (ν) = ωτ 0 exp(ωτ 0 )/ sinh(ωτ 0 ), and Λ 2 (ν) = exp(ωτ 0 ), where τ 0 = /2k B T (Ref. 10) . As for the coefficients a i , they were determined by fitting the successive moments of them can provide the precision that meets the purposes of the present work for all the molecular pairs considered. In the end, the method invented along the above lines is used to construct the total rototranslational semi-classical spectra as a convolution of the so-obtained translational profiles with the purely rotational stick spectrum.
B. Anisotropic interactions; close-coupling computing
For systems like H 2 -Rg, with relatively small atomdiatom interaction potential anisotropy, the two previously described methods usually render reliable and satisfactorily accurate purely collisional spectral lines. In fact, there are only few frequency regions in which the contributions accounting for the non-spherical features of PES might result in a tangible distortion of the solely IPA profiles. Nevertheless, while dealing experimentally with rototranslational spectra, one must consider a general picture of the scattering spectra including sharp pressure broadened (PB) allowed features, sited on much wider and of lower intensity CI line components and originating from the influence of the non-spherical part of the interactions. The anisotropy of the potential gives rise to finite lifetimes for the excited rotational states of H 2 , which results in broadening of the allowed spectral lines. In such a case, a more complex computing apparatus is needed to evaluate total spectral shapes or to extract the CI constituent from experimental profiles. Thus, another quantum numerical method, the close-coupling scheme 89, 90 (CC), is proposed that fully takes into account the anisotropic aspect of the system. It must be noted, however, that one may benefit from the advantages of this tool at the expense of inevitable computing time increase, which sometimes makes it a more proper choice to have recourse to the above IPA related routines or to the approximate, less time expensive coupled-states method that has been proposed in Ref. 91 .
The close-coupling scheme for evaluation of collisional spectra is the most general method of all considered here. First of all, this procedure accounts for the anisotropy of the atom-diatom interactions. Hence, the permanent polarizability of H 2 can be additionally involved in the radiative calculations rendering contributions of the collision-broadened allowed lines. Moreover, unlike in the perturbative approach, applied e.g., in Refs. 92 and 93, this approach is feasible to yield properly the effects of interference between the collision induced and permanent polarizabilities brought about by rotational level mixing. 34, 94 Vast literature has been devoted to the CC procedure, 89 ,90,95-98 of which Refs. 96 and 89 make a basis for the present analysis numerical apparatus. In the form suitable for the kind of Raman scattering of interest in this project, a general blueprint of the method is formulated in a comprehensive manner in Ref. 34 , where the theory originally designed for the infrared CI absorption 24 is redone so that it could cope with the scattering collisional processes in diatom-diatom systems. A version of this strategy, adapted to deal with the isotropic collisional light scattering in atomdiatom mixtures, is briefly reported in Ref. 16 . The treatment applied further on for separating spectral functions of an anisotropic Raman scattered signal is just a straightforward extension of the latter formalism performed by introducing higher order, polarizability-dependent, radiative coupling terms.
The physical situation assumed in the presented approach involves solely one-photon transitions, occurring during a single binary collision-induced scattering event; another constraint requires that the hydrogen molecule is considered fixed in its vibrational ground state. Within such a model, the CC procedure characterizes collisional spectral properties via the energy dependent intensity 16, 34, 95 
where S α f 01 α i 10 is the scattering matrix element, for a one-photon process (01/10), corresponding to initial and final states, i and f, determined by a full set of the angular quantum numbers, α ≡ ( j, l, J), ν denotes the frequency of scattered photons, E i stands for the initial asymptotic energy, while E rot j i marks the rotational energy of H 2 , and g j i is the nuclear-statistical weight. 24 The scattering matrix S is determined by integrating a set of coupled Schrödinger equations as its asymptotic solution. 16, 34, 89 The basic difference between the previously considered case of the isotropic scattering and the present case is in the definition of the depolarized light scattering coupling factor that is therefore explicitly specified as
where the coefficients d and notation details are defined as in Ref. 16 . The value of the permanent anisotropy of H 2 at the incident wavelength of 5145 Å, γ = 2.15 a.u., is taken from Ref. 99 . The definitions of the polarizability components included in Eq. (14) have been chosen to make them consistent with the convention previously used in Eq. (4). Appropriate conversion factors are characterized in the formulae of the Appendix.
VI. RESULTS AND FINAL REMARKS
In this work, a comprehensive analysis is presented of the anisotropic aspect of collisional light scattering processes on weakly bound supermolecular systems composed of dihydrogen molecules and rare-gas atoms, H 2 -Rg (Rg = He, Ne, Ar, Kr, and Xe). To this end, anisotropic polarizabilities were determined by means of state of the art methods and relevant spectral profiles evaluated. In what follows, more substantial results are presented and concluding statements are formulated.
A. Polarizabilities
The symmetry adapted polarizability anisotropy values obtained for the chosen exemplary compounds are presented in Tables I and II The predominant role of the λL = 02 SA component in the whole range of intermolecular separations is clearly visible. The remaining λ = 2 contributions are much less important, while those for λ = 4 seem to be almost negligible. This fact suggests that the number of terms left in the series expansion (4) provides its satisfactory convergence. As it will be shown in the concluding sections of the work, two of the λ = 2 SA contributions, i.e., λL = 02 and 22, are almost exclusively responsible for shaping the purely CI spectral components within the frequency regions of interest. In Figs. 1-3 their R-dependence obtained on the basis of the simple dipole-induced-dipole (DID) model 100 is also shown. The convergence of these functions with the ab initio results is clearly visible at large intermolecular separations. As for the remaining SA ab initio components, 20, 24, 42, and 44, their behavior for distances larger than 9 bohrs diverges from the pattern predicted by the simplest theoretical (DID, dispersion) models, 100 yet their influence on the resulting spectra is negligible and experimentally unobservable, especially in the regions of frequencies close to the rotational transition maxima, where models like DID may play a more significant role, but where also the CI intensities are totally masked by the intense sharp allowed lines (see Figs. 4 and 9-11 ). Supposedly though, from a more general, theoretical, and numerical point of view, such an analysis of these SA contributions might be of some importance. For instance, the question arises: whether the long-distance discrepancy between the ab initio and DID procedures for these components stems from the imperfections of the former method-which we think is not the case-or rather the limits of applicability of the DID-like methods should be reconsidered for significantly small-value polarizability SA coefficients of relatively large size molecular entities, etc. Such discussion can, however, be possible only within a tendency is illustrated in Fig. 4 . Considering more specific facets of the spectral components, one can easily note a prevailing share of the λL = 02 part observed in Figs. 5-7 within a relatively wide range of frequencies around the most central part of the rototranslational total CI spectral distribution, for frequency displacements approximately |∆ν| ≤ 250 cm −1 . Noticeably, this observation holds for all the supermolecular pairs considered, with the only difference that for the most massive compounds the lines tend to show more steep decline in intensity with growing frequencies. Such behavior distinguishes the anisotropic spectra from the isotropic scattering reported earlier. 16 In the latter case, the participation of the most influential components evolves with growing compound masses (polarizabilities) towards the situation in which their roles reverse. In the anisotropic lines a prevailing influence of the λ = 2 polarizabilities is pronounced for frequency displacements higher than 250 cm
regardless of the type of scattering pair. The λL = 20 line components, even though they do not influence significantly the total intensities, are worth mentioning because of their characteristic indentations at both sides of the sharp features around the rotational maxima (Figs. 6 and 7) . These details resemble the V-shaped notches reported earlier in Refs. 17 and 21 in the CI Raman lines observed in atomic Rg α -Rg β mixtures and those in the λL = 00 contribution to the isotropic H 2 -Rg spectra discussed in Ref. 16 . As a matter of fact, the rototranslational CI profiles "inherit" these properties after the translational line that, together with the rotational stick spectrum, form the overall spectra via the mathematical convolution procedure (Eq. (9)). In the case of lighter compounds (here represented by H 2 -He in Fig. 5 ) this operation makes these indentations almost invisible. In Figs. 5 and 7 the pure translational CI profiles are added in order to enhance the discussion presented here.
The presence of the features in question gets more pronounced with growing complexity of the electronic structure of the scattering entities. 52 It comes as no surprise as the appearance of the V-trough in the lines calculated via ab initio methods is usually attributed to a proper treatment of electron correlations effects in the collisional polarizabilities. 22, 52 The λL = 20 property is the only one among the SA components considered which is isotropic, with regard to R orientation, and the only one whose functional dependence on R exhibits a characteristic shallow negative minimum region (at R around 5.0, 9.0, and 11.0 bohrs, respectively for H 2 -He, Kr, and Xe), which seems to be responsible for the V-shaped distortion in its spectral representation, as well as for the characteristic sharp maxima set on the base of the surrounding, broader "pedestals." The appearance of both the nonmonotonic R-dependent behavior of polarizabilities as well as the sign change in their functional representation has been observed and discussed in a number of works. 45, [101] [102] [103] Unfortunately, unlike for the kind of features reported in Refs. 20-22, the spectral λL = 20 properties of interest here could not be possibly extracted from experimental data. Nevertheless, their theoretical analysis is not necessarily an art for art's sake endeavor as, when performed with the polarizabilities obtained by means of different ab initio methods, it could serve as a tool for assessment and comparison of their quality, for instance, with regard to the electron correlation effects. 52 In the presented CI spectral calculations, only the free-free dimer transitions are included. The contributions stemming from the bound and metastable states, BM, of the supermolecules of the kind analyzed here are usually treated as of relatively negligible importance in the rototranslational spectra, if not as virtually non-existent for the lightest pair of H 2 -He. Indeed, the intensity stemming from metastable states, i.e., Feshbach and shape resonances, has been shown, with quantum mechanical calculations, to be small for light scattering in pure H 2 gas, 104 and it is not expected to be much larger for other weakly interacting pairs. Therefore, in our quantum mechanical calculations no particular effort has been made to resolve the features, and it is only for the sake of completeness that their influence has been assessed in this work. The results, obtained by means of the SC approach (Sec. V A 2) for the most intensive translational λL = 02 profiles (Rg = Ar, Kr, and Xe), are shown in Fig. 8 rovibrational transitions of the pairs trapped in the effective intermolecular-potential well. The increase in the calculated intensity caused by these transitions does not exceed there the rate of 17% for the frequency displacement close to about 10 cm −1 , while the whole frequency interval of the conspicuous presence of this effect spreads for the values of |ν| < 30 cm −1 . Considering that in this region of the spectra the CI lines are almost totally overcast by the allowed sharp features (discussed in Secs. VI C and VI D), the BM share indeed seems to be of not much significance for further analyses.
C. Spectral profiles (potential anisotropy included)
The H 2 -Rg collisional pairs are usually treated as highly isotropic with regard to their potential surfaces. Nevertheless, the full analyses of high precision must include an estimation of the possible influence of the PES anisotropy of the theoretical line shapes. In this work this task is treated by means of the close-coupling approach (see Sec. V B), which takes into account the most complete aspects of the spectral computing applied. This method, when applied in the IPA approximation, showed good agreement with the QI and SC calculations. In the IPA approximation, however, the closecoupling approach is unnecessarily complicated and time consuming. On the other hand, if the potentials accounting for the anisotropy of the interactions are used, this approach is essential. However, the results obtained in such a case for the CI contribution show relatively small influence on the total CI lines. In Fig. 11 , a number of points, for ν between 300 and 350 cm −1 are marked that denote intensities computed with the anisotropy of the potential included. The discrepancy between these values and those for the IPA spectra is barely noticeable in the scale of the picture (not more than 4.5% of discrepancy from the IPA line) meaning that only for the most demanding precision requirements this method has to be applied.
Obviously though, the CC scheme is indispensable, when theoretical spectra are to be used to interpret possible experimental results. The total spectra, apart from their purely CI broad component, are also built up of sharp pressure broadened allowed features that can be described theoretically and evaluated numerically only with the anisotropic part of PES taken into account. Fortunately, in the systems with H 2 as a rotator the PB contribution results in relatively narrow spikes well separated by intervals, within which their overshadowing influence is reduced possibly allowing for extracting the CI intensities with an acceptably good accuracy. Indeed, when Fig. 9 , illustrating the H 2 -He case, is compared with the spectra shown in Figs. 10 and 11 , representing the most massive compounds, Rg = Kr and Xe, a significant evolution in the line shapes can be noticed: the total profiles for these heaviest complexes get significantly closer to the pure CI shapes.
As a result, for quite a large scope of frequencies, between 50 and 250 cm −1 , the lines are almost exclusively (at the rate of not less than 97%) generated by the CI mechanism; the circumstance that brings hope for successful determination of its share on the basis of experimental results. The CI contribution to the total spectra considered increases with incremental Rg masses, although its influence on the resulting lines, including both CI and PB allowed profiles, is not simply additive. This intriguing property is especially pronounced in the total H 2 -Xe total spectrum (Fig. 11) was attributed to the coupling and interference effect between the collisional and permanent anisotropies of polarizability. A similar analysis was applied to the absorption in HD-He mixture in Ref. 94 . As for the scattering phenomena discussed here, the origin and nature of this reduction are yet to be more carefully scrutinized. Note that the PB allowed profiles computed here stem purely from binary H 2 -Rg collisions. The corresponding line shape is thus a low density limit of the true profile, and the intensity diverges as the calculation is pushed towards the center of the allowed line. The intensity computed here is correct for the wings of the allowed lines. This is discussed in detail in Ref. 94 , where the analytical line shape is Taylor expanded for small perturber (rare gas) densities.
D. Experimental considerations
In order to perform a final estimation of the quality of the results obtained, a certain form of benchmarking comparison would be required. Unfortunately, to the best knowledge of the authors, a relatively limited number of experimental spectral works on the anisotropic rototranslational collisional Raman lines is available. The spectral shape properties of light scattered in H 2 -Rg (= He, Ne, and Ar) mixtures have been investigated and published in the report by Hermans et al. 35 in the mid-1980s. There, the effect of collisional line broadening was discussed in the study and values of relevant collisional broadening coefficients, B, were determined from measurements. In the analysis presented here, these quantities are regarded as suitable material for ad hoc testing purposes. It is possible to fit the wings of the PB allowed lines to obtain B. 94 To this end, the values of the absolute light scattering intensity for the allowed lines should be found theoretically and fitted to the CC profiles. Nonetheless, we deem that at the present stage of the study a formula for these intensities (which we cannot find in the literature) need not be derived considering the purpose of the present work. Instead, the CCper calculations have been compared with experiments in a different manner. We have computed the ratio between the broadening coefficients for chosen pairs of the scattering complexes, H 2 -Rg α/β , denoted hereafter as η ≡ B α /B β . The CC values of the ratios are determined by dividing the absolute intensities of the CC wings of the allowed lines for two different perturber rare-gases. That intensity ratio equals the broadening ratio η. Admittedly, there is one such ratio for each frequency point, but they do not vary much over the line wing profile. The results are gathered in Table IV , where both the theoretical and experimental ratios η are given for the temperatures considered in Ref. 35 . It must be noted, however, that not for each case the necessary experimental values are provided. If not, the gaps are filled by numbers estimated by means of interpolating a functional dependence B(T) derived from the remaining data in Ref. 35 (in Table IV they are marked with (a)). Analysis of the values of η obtained for H 2 -Ne/Ar pairs indicates a relatively good agreement between the experimental and theoretical results, even though the discrepancies can reach a level of 10%. One must be aware, however, that these are rather qualitative, first approach conclusions, based on a kind of rough calculation using the data available. Hopefully, a further refinement of both experimental and numerical procedures will result in more reliable estimations. As for the supermolecules with Rg = He vs Ar, a more significant divergence is found. An attempt has been undertaken in this work to find out a possible source of such situation. Of the two main factors determining the quality of the theoretical spectra: the polarizabilities and the potentials applied, a possible influence of the PES model properties has been subjected to a scrutiny. In addition to the surface used to obtain the results presented in the previous chapter, two other potentials proposed in the literature have been considered. As a consequence, it is found that indeed the choice of the interaction model evidently matters: the η values evaluated with the most recent PES for H 2 -He complexes 107 turn out to be in a better accordance with experiment, when compared with the results obtained on the basis of PES functions proposed in Refs. 74 and 106. This finding seems to correspond in a way with the discussion on applicability of different models of these potentials that ran through Refs. 36, 107, and 108. By no means though, should that remark, formulated at the present stage of research, be treated in terms of an accession to the dispute in the works referred. This is rather an expression of a hope for this work to be an incentive for new efforts, both experimental and theoretical, in the field of CI anisotropic light scattering that would bring a new more precise insight into this one as well as other questions here discussed.
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APPENDIX: SPHERICAL EXPANSION CONVENTIONS
The relations between spherical and Cartesian polarizability components may be used to separate α z z into zeroth and second rank components according to Berne and Pecora in Ref. 109 ,
where the z axis is laboratory-fixed. The interaction-induced polarizability in this work is expanded according to
where the angular basis functions are defined by
The second rank term in Eq. (A1) thus consists of an interaction-induced component
and a permanent component where the anisotropy of the permanent polarizability is defined as γ = α ∥ − α ⊥ . 109 Using that √ 4πY 
